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1. INTRODUCTION
The construction of the Advanced Power Reactor 
1400 (APR1400) is planned for completion in the Barakah 
area. ERMS is one of the safety assessment system that is 
planned for installment in the BNPP. An ERMS that can 
detect continuous and real-time gamma dose rates is an 
important element in determining emergency conditions 
and long-term data acquisition, and it is among numer-
ous types of radiation monitoring systems. Therefore, the 
correct position of an ERMS must be determined to ef-
fectively monitor radiation level. Meteorological charac-
teristics play an important role in determining the ERMS 
position in a nuclear power plant. Uncontrolled release 
of radioactive materials occurs in the reactor contain-
ment area, and, the direction of the dispersion path of 
such materials is strongly influenced by meteorological 
characteristics. 
Based on a literature review, an evaluation of inter-
national ERMSs (Table 1) has demonstrated that many 
ERMSs in Europe and Korea have been installed using an 
empirical methodology instead of a scientific approach 
[1,2]. Numerous ERMSs are established in equal inter-
vals along the site boundary or throughout population 
concentration areas. In the US, ERMSs are not used; in-
stead, the dose assessments are performed with portable 
measurement devices along the boundaries of nuclear 
power plants [3,4].
As a preliminary study to evaluate optimal ERMS 
positioning, this paper focuses on analyzing the meteoro-
logical characteristics of wind and simulating the 137Cs 
dispersion under hypothetical accident condition in the 
BNPP area. Actual weathering data, near the BNPP area 
were obtained from the National Center of Meteorology 
and Seismology (NCMS) UAE and, processed to esti-
mate the return period of wind speed using the Weibull 
distribution model. The return period of wind speed is 
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widely used in architecture engineering to determine the 
wind-load effect on high-rise structure vibrations and in 
wind power research. Kim et al. [5] studied the return 
period of wind speed using the Weibull and Gumbel dis-
tribution model for 8 major cities in Korea. Chung per-
formed an evaluation of the extreme value distribution of 
wind pattern by the Gumbel model simulation for 3 cities 
in Korea [6].
The effects of wind distribution and 137Cs dispersion 
at the BNPP were simulated with annual weathering data, 
land-use data, and upper-air data according to the CAL-
PUFF (California Puff) code, which has been evaluated 
as a high performance atmospheric simulation code. 
The next section of this paper discusses the environ-
mental characteristics of the Barakah area; the 3rd section 
describes the methods and simulation model; the 4th section 
discusses the results of the study; and conclusions are 
presented in the 5th section.
2.  ENVIRONMENTAL CHARACTERISTICS OF THE 
BARAKAH AREA, UAE
The BNPP is located approximately 250 km from the 
western area of Abu Dhabi, UAE [7] (Fig. 1), and the 
Arabian Gulf is north of the site. The area of the BNPP 
site is relatively flat with no mountains.
According to an environmental report on the UAE [8], 
the entire nation has an extremely arid subtropical desert 
climate, and the main climate of the UAE is character-
ized by two seasons, summer and winter. The UAE has 
extremely high temperatures with a relatively humid cli-
mate because of coastal weather from the Arabian Gulf 
in the summer season, which is generally from April 
through September. In winter, which is generally from 
October through March, the UAE has a warm and dry 
climate. More than 70 % of the annual precipitation falls 
in the winter season.
The environmental report notes that the mean annual 
temperature in the UAE is approximately 28 ºC. The 
winter temperature regime is characterized by warm and 
sunny weather with daytime temperatures that reach be-
tween 23 and 24 ºC. The summer temperatures are often 
above 38 ºC. 
There are two dominant mechanisms for wind direc-
tion: passing weather systems, which are influenced in the 
long-term by seasonality, and land-sea breeze, which changes 
between day and night as a result of the temperature gradient 
between land and sea, especially in coastal areas. 
3.  DESCRIPTION OF METHODS AND MODELING 
3.1  The Return Period of Wind Speed using the 
Weibull Distribution
Before the development of ERMS or EPZ (emer-
gency planning zone), available data that pertain to wind 
speed predictions for the future can be used as basic in-
formation for safety design in nuclear power plant. The 
return period of wind speed was calculated for the es-
timation of the extreme wind speeds in the BNPP area. 
The return period of wind speed is an estimation of the 
annual, monthly, and daily extreme wind speed occur-
ring in the future based on historical wind speed data. There are 
various statistical methods to calculate the return period 
of wind speed. Ha et al. indicated that the annual and, 
monthly extreme wind speed distribution patterns follow 
the Gumbel distribution model [9,10]. Whereas, Cook 
insisted that the daily extreme wind speed distribution is 
consistent with the Weibull distribution model [11]. Rehman 
et al. suggested that wind speed was well represented by 
the Weibull distribution function in desert area [12]. In 
this paper, the daily extreme wind speed was calculated 
using the Weibull distribution model using data from the 
3 most recent years. Because of limits in the acquisition of 
weathering data, the estimation of the annual and monthly 
extreme wind speed cannot be performed. 
Fig. 1. Map of the United Arab Emirates and the BNPP 
Location
Country ERMS Monitoring
Korea 10-12 Points/Site & 1-2 Comparative Points/Site
US -
France (BSL Site) 4 Points within 1 km of the Site & 4 Points within 5 km of the Site
UK (Dungeness Site) -
Germany (Krümmel Site) 3 Points
Table 1.  International Status of the ERMS Installation and Monitoring
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3.2 Computational Simulation Modeling
The numerical simulation was performed using the 
CALPUFF modeling system developed by ASG (Atmos-
pheric Studies Group at Travelers Research Corporation 
(TRC)) [13]. The CALPUFF modeling system consists of 
the three main components CALMET, CALPUFF, and CAL-
POST along with additional useful preprocessing tools. 
The CALMET component is a meteorological model that 
computes the diagnostic meteorological fields required 
by the transport and dispersion CALPUFF model. The 
CALMET model must be initialized by either observa-
tional meteorological data or gridded data from another 
meteorological model. To represent the meteorological 
conditions more realistically, the gridded data and ob-
servational data were used. The gridded meteorological 
fields were produced using the three-dimensional meso-
scale Weather Research and Forecast (WRF) model with the 
Advance Research WRF solver (WRF-ARW). CALPOST 
is a useful post-processing tool with options for the com-
putation of time-averaged concentrations and deposition 
fluxes predicted by the CALPUFF dispersion model.
3.2.1 CALMET Modeling
To develop the meteorological data for the CALPUFF 
simulation, the WRF-ARW prognostic model outputs were 
combined with meso-scale data assimilation systems for 
the year 2011 (January 2 to December 30). The WRF-
ARW is a next-generation fully compressible Euler non-
hydrostatic meso-scale forecast model with a run-time 
hydrostatic option. The model uses a terrain-following 
dry hydrostatic-pressure vertical coordinate system and 
horizontal Arakawa C-grid staggering [14]. The WRF 
was initialized using the National Centers for Environ-
mental Prediction (NCEP) final analysis (FNL) data with 
1.0 ° × 1.0 ° horizontal resolution and 6 hour time interval. 
A finer resolution was obtained using a two-way nesting 
strategy. The land-use types were provided by the United 
States Geological Survey (USGS) land-use dataset with a 
1.0 ° × 1.0 ° resolution. The horizontal resolutions of the 
nested domains were 3 km and 1 km, respectively. The 
domains were centered at 24.0 ° N, 52.15 ° E (Fig. 2), 
and both domains used 25 vertical layers.
The CALMET meteorological model consists of a 
diagnostic wind field module and micro-meteorological 
modules for overwater and overland boundary layers. The 
1 hour interval prognostic WRF output data were utilized 
for the initial guess fields in the CALMET model. One 
set of the upper air station data was used to create an up-
per air input file from NOAA (National Oceanic and At-
mospheric Administration)/ESRL (Earth System Research 
Laboratory) upper air RAOB (the universal RAwinsonde 
OBservation program) data with a 12 hour time interval. 
The CALMET uses only one domain. In our study case, the 
horizontal resolution of the domain was 0.5 km. The model 
uses twelve vertical layers with cell heights at 0, 20, 40, 80, 
160, 300, 600, 1000, 1500, 2200, 3000, 4000, and 5200 m.
3.1.1 The Weibull Distribution Function 
The Weibull probability distribution function (PDF) 
is widely used in reliability engineering for data analysis 
because of its versatility. The Weibull PDF calculation 
is a certified method used to study the return period of 
wind speed in wind power engineering. The Weibull PDF 
is related to a number of other probability distributions, 
and it interpolates between the exponential distribution 
(k = 1) and the Rayleigh distribution (k = 2). The Weibull 
PDF for wind speed is a two-parameter function that is 
expressed mathematically as follows:
For ν ≥ 0, 
where 
v = wind speed [m/s]
c = scale parameter
k = shape parameter.
The cumulative distribution function is obtained by 
integrating Eq. (1) and takes the form:
The shape and scale parameters can be written as 
functions of the wind speed. The Weibull parameters can 
be found graphically by using probability plotting paper or 
analytically by using the least squares (rank regression) 
or maximum likelihood estimation (MLE). In this paper, 
the shape and scale parameters were calculated using a 
double logarithmic transformation of Eq. (2), which can 
be written as:
Plotting ln(v) against ln{-ln[1-f(v)]} should yield a 
straight line. The gradient of the line is k and the intercept 
with the y-axis is -k∙lnC.
3.1.2 Estimation of the Return Period of Wind Speed
Extreme daily wind speed occurring in the future is 
referred to as the ‘return period of wind speed’ which can 
be determined with the Weibull distribution model and 
estimated with the Weibull parameters from actual moni-
toring data. The equation for the return period of wind 
speed is as follows:
where 
T = the return period [yr] 
In this study, 7 cases of return period were estimated 
regarding 1, 2, 5, 10, 20, 50, and 60 year in consideration 
of life time of the BNPP. 
(1)
(2)
(3)
(4)
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ommended by the US-EPA (Environmental Protection 
Agency) for simulating air pollutant dispersion.
This study focused on the atmospheric dispersion of 
radioactive material caused by an unexpected incident at 
a nuclear power plant. One of the important purposes of 
an ERMS is the early detection of a radioactive material 
release. Therefore, the origin of emission point and the 
simulation domain are focused at the center of the BNPP 
location. The entire domain covers the entirety of the 
BNPP within a 24 km radius. For a detailed simulation, 
3.2.2 CALPUFF Modeling
The CALPUFF model is a non-steady state Lagran-
gian Gaussian puff dispersion model for the simulation of 
pollution transport, dispersion and deposition in time and 
space for varying meteorological conditions. Each puff 
concentration depends on the Gaussian distribution when 
the puff is dispersed by turbulence. The concentration at 
each puff position (x, y, z) can be calculated according 
to Eq. (5): 
where
C  = concentration at ground level [g/m3]
Q  =  mass of puff [g]
(x, y, z) = center point of each puff [m]
σx =  standard deviation of the Gaussian distributions 
in the wind direction [m]
σy =  standard deviation of the Gaussian distributions 
in the horizontal direction [m]
σz =  standard deviation of the Gaussian distributions 
in the vertical direction [m]
h  = height of the puff center above the ground [m]
The model can manage temporal and spatial variations 
in the meteorological parameters with continuous emis-
sions from a series of discrete puffs (Fig. 3). CALPUFF can 
simulate the trajectories according to wind field, three-
dimensional meteorological conditions, and long-range 
transport applications and store the previous emissions 
resulting from the time steps as well. CALPUFF is rec-
Fig. 2. Configuration of Domains in the WRF (a) and CALPUFF (b) Models. 
(Dashed Line Indicates the Radius of 5-km from the Point Source)
Fig. 3. Concept of Puff Generation
(5)
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summer and winter. Therefore, six test cases of 137Cs dis-
persion simulation with CALPUFF were generated, and 
winter and summer were equally represented to allow for 
observations of the seasonal effect. The cases are sum-
marized in Table 3. Test case numbers 1, 2, and 6 focused 
on the winter season, and test case numbers 3, 4, and 5 
focused on the summer season. Each case was simulated 
over one week (=168 hours), which was considered to be 
the duration of the maximum release period of gaseous 
radioactive material after an accident [16]. 
4.  RESULTS
4.1 The Return Period of Wind Speed Modeling
By following the procedure explained in Section 3.1, 
the return period of wind speed modeling was conducted to 
estimate extreme wind speeds occurring in the future in the 
BNPP area. Fig. 4 shows the wind frequency histograms 
and the Weibull density function for the weathering data 
near the BNPP from Feb. 2011 ~ Oct. 2013; 62 % of the 
wind was under 5 m/s and 97 % was under 10 m/s range. 
Table 4 includes a summary of the statistics of the weath-
ering data, 1003 data points were selected to reflect the 
highest value. The mean value of the daily maximum 
wind speed was 7.31 m/s, and the standard deviation was 
2.13. From the data, the scale and shape parameters were 
calculated at 9.03 and 2.35, respectively, for the Weibull 
distribution modeling. Fig. 5 includes a plotting graph 
of the extreme wind speed probability using the Weibull 
parameters c and k. The analysis showed that relatively 
lower wind speeds were not well matched to the Weibull 
distribution trend line for the under 5 m/s regions. Rela-
tively higher wind speeds were fitted to the Weibull dis-
tribution trend line for the over 5 m/s regions.
Table 5 includes the modeling results of the extreme 
wind speed by the return period. In consideration of the 
BNPP’s life time, the return period was calculated up to 
60 years. The extreme wind speed was estimated at be-
tween 19.21 to 24.05 m/s for 1 to 60 years of the return 
period. At the return period of 1 and 2 years, the extreme 
wind speed was estimated to be within a 7 % increase of the 
actual data, and the results were within 18 % at the return 
dense grid spacing was used in a radius of 2 km to 4 km 
from the reactor center. The domain modeling conditions 
are summarized in Table 2. 
The emission source can be divided into two distinct 
scenarios according to the operating conditions: normal 
operating condition and non-normal accident condition. 
Under normal operating condition, there is no release of 
radioactive materials. However, under non-normal severe 
accident condition, enormous amount of radioactive ma-
terials would be released out of the containment building, 
and it is difficult to accurately predict the released amount 
of radioactive materials, such the amount released during 
the Fukushima accident. 
In this study, 137Cs was selected as the target nuclide 
for the atmospheric dispersion simulation. 137Cs is one of 
the major nuclides that represent a significant long-term 
hazard in a contaminated environment. The amount of 137Cs 
emission was assumed from the calculations of Chino’s 
study on the Fukushima accident emissions estimation 
[15]. In Chino’s study, the total amount of 137Cs released 
was estimated to be approximately 13 PBq (1 PBq = 
1×1015 Bq) for the period from March 12 to April 6, 2011. 
For this research, similar calculation results were used in 
consideration of the simulation period. The decay term 
of 137Cs was not considered for the short-term period of 
the simulation. There are many discrepancies between Chino’s 
study and this research with regards to reactor type, 
source-term inventory, and power capacity. However, the 
main purpose of this study is to understand and evaluate 
the dispersion characteristics rather than to accurately es-
timate the release amounts.
The meteorological data from January 2 to December 
30, 2011 (363 days) from the WRF-ARW prognostic 
model outputs were collected and modeled to prepare the 
CALMET input file. The UAE has two distinct seasons, 
Grid Origin
X(Easting) 52.15 E
Y(Northing) 24 N
Grid Spacing (∆X) 0.5 km
Domain Size
Number of X Grid 
Cells 96
Number of Y Grid 
Cells 96
Origin of Projection
Latitude 52 E
Longitude 24 N
Number of Vertical Layers 12
Time Zone UTC+ 04:00
Region UAE
Datum WGS-84
Table 2.  Domain Modeling Condition
Test Case Simulation Period (month, date, hour) Season
Case 1 January 02, 00:00 to January 08, 23:00
Winter
Case 2 March 02, 00:00 to March 08, 23:00
Case 3 May 02, 00:00 to May 08, 23:00
SummerCase 4 July 02, 00:00 to July 08, 23:00
Case 5 September 02, 00:00 to September 08, 23:00
Case 6 November 02, 00:00 to November 08, 23:00 Winter
Table 3.  Simulation Period
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treme tendency. The main wind direction distribution in 
the BNPP area can be clearly seen in Fig. 6. The wind-
rose of 2011 produced a succinct and information-laden 
view of how the annual wind direction and speed were 
typically distributed. Table 6 indicates that more than 93 
% of the wind direction data was distributed from the 
west (9.05 %) and north (7.68 %) which included NNW 
(41.63 %), NW (28.55 %), and WNW (6.31 %) winds. 
Winds from an east (0.20 %) and south (0.60 %) direction, 
which included ESE (0.31 %), SE (0.38 %), and SSE 
(0.38 %) were rarely distributed in 2011. Wind from the 
NNW occupied the maximum distribution in the annual 
data, whereas winds from the east had the minimum dis-
tribution in 2011.
Fig. 7 presents the wind direction distribution dur-
ing the winter and summer seasons, which are shown to 
have distributions of 92.9 % and 93.4 %, respectively, 
of the main wind directions (W, WNW, NW, NNW, and 
N). Slight differences of 1.77 % and 1.39 % were found 
between the distributions of the N and WNW winds, re-
spectively, and except for the west and WNW wind direc-
tion, the winter and summer wind direction distributions 
had a less than 0.6 % discrepancy at each wind direction. 
From the seasonal classification, meaningful disparities were 
period for 5 and 10 years. Moreover, there was a 20 ~ 28 
% increase at the return period for 20 to 60 years. For the 
relatively longer the return periods of 20 to 60 years, the 
results were less reliable because of the limitation of the 
short period of actual data. 
4.2 CALMET Modeling Results and Analysis
The annual meteorological simulation was performed 
using the CALMET. As mentioned in Section 2, the main 
wind direction of the UAE is dependent on two main wind 
patterns that result from seasonal changes or daytime to 
nighttime changes. The effects of the two factors were 
analyzed in the annual simulation results.
4.2.1 Characteristics of Wind Direction 
The 8688 points of meteorological data were acquired 
and simulated using the CALMET, which calculated the 
hourly data over 363 days of 2011. To verify the NCEP 
data, actual monitoring data from the NCMS were simu-
lated according to the same method and simulation period. 
The simulation results of the NCMS data show nearly the 
same tendency.
From the CALMET modeling results for 2011 in the 
BNPP area, the wind direction was shown to have an ex-
Number
of Data
[N]
Mean Value 
of Max. Wind 
Speed
[− V, m/s]
Median
[m/s]
Min 
Value
[m/s]
Max value
[m/s]
Standard 
deviation
[σV]
Scale parameter
[C]
Shape 
parameter
[k]
1003 7.31 6.8 3.1 18.9 2.13 9.03 2.35
Table 4.  Summary Statistics for the Weibull Distribution Model
Return period [yr] 1 2 5 10 20 50 60
Wind speed [m/s] 19.21 20.15 21.29 22.11 22.88 23.86 24.05
Table 5.  Extreme Wind Speed by Return Period
Fig. 5. Plotting of Wind Speed using Daily Max. Wind Speed 
by the Weibull Probability Distribution Function
Fig. 4. Wind Frequency Histograms and the Weibull Density 
Function during Feb. 2011 ~ Oct. 2013
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The wind direction distribution during the daytime and 
nighttime is shown in Fig. 8. The daytime distribution 
of west and north winds comprised 90.9 % of the total, 
and the nighttime distribution of west and north wind 
comprised 95.4 % of the total and included WNW, NW 
and NNW directions. From the daytime and nighttime 
classification, three sections had disparities in the N, W, 
and NNW wind directions. The north wind distribution 
had an outstanding discrepancy between the daytime 
not observed between the annual and seasonal simulation 
results in 2011.
Fig. 6. Windrose of Annual Wind Direction and Speed Data on 
2011
Fig. 7. Frequency Comparison of Winter and Summer at Wind 
Direction
Wind Speed [m/sec] 0.5-1.8 1.8-3.3 3.3-5.4 5.4-8.5 8.5-10.8 10.8 < SUM
Wind
Direction
Distribution
[%]
N 3.06 3.56 0.84 0.21 0.01 0.00 7.68
NNE 0.13 0.40 0.59 0.14 0.00 0.00 1.26
NE 0.24 0.29 0.28 0.07 0.00 0.00 0.88
ENE 0.13 0.23 0.23 0.04 0.00 0.00 0.62
E 0.07 0.08 0.05 0.00 0.00 0.00 0.20
ESE 0.08 0.08 0.14 0.01 0.00 0.00 0.31
SE 0.06 0.17 0.12 0.04 0.00 0.00 0.38
SSE 0.06 0.16 0.12 0.05 0.00 0.00 0.38
S 0.10 0.17 0.24 0.07 0.01 0.00 0.60
SSW 0.18 0.25 0.20 0.01 0.00 0.00 0.65
SW 0.21 0.29 0.05 0.07 0.00 0.00 0.61
WSW 0.16 0.30 0.09 0.04 0.00 0.00 0.59
W 0.36 1.09 0.44 0.40 0.00 6.76 9.05
WNW 0.41 1.65 2.14 1.83 0.24 0.04 6.31
NW 0.33 15.25 10.65 2.12 0.16 0.04 28.55
NNW 11.48 23.09 6.64 0.41 0.01 0.00 41.63
SUM 17.06 47.07 22.79 5.49 0.44 6.83 99.67
Table 6.  Annual Data Distribution
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nighttime (40.42 %) distributions. Moreover, a disparity 
of almost 10 % was observed between the daytime and 
nighttime for the 3.3-5.4 m/s wind speed, and a 2.53 % 
and 11.12 % increase at nighttime and day time, respec-
tively, for the class corresponding to a greater than 10.8 
m/s wind speed. The calm wind had a 0.28 % distribution 
in the day time and 0.39 % in the nighttime. 
(2.07 %) and nighttime (13.28 %). The west wind distri-
bution had a two-fold discrepancy between the daytime 
(5.11 %) and nighttime (12.98 %). Moreover, the NNW 
direction distribution between the daytime (47.70 %) and 
nighttime (35.57 %) had the maximum discrepancy. 
4.2.2 Characteristics of Wind Speed
The CALMET simulation results could be classified 
by the wind speed, and six classes of wind speed were 
determined: 0.5-1.8 m/s, 1.8-3.3 m/s, 3.3-5.4 m/s, 5.4-8.5 
m/s, 8.5-10.8 m/s, and more than 10.8 m/s. Fig. 9 shows the 
annual, seasonal, and day-night wind speed distributions. 
Approximately 87 % of the wind speed was distributed 
under 5.4 m/s (17 %, 47 % and 22 % between the speeds 
of 0.5-1.8 m/s 1.8-3.3 m/s and 3.3-5.4 m/s, respectively) 
during the annual period (Table 6). Calm wind (wind 
speed is under 0.5 m/s) constituted 0.33 % of the wind 
speed distribution of 2011. The results for high speed 
wind (more than 10.8 m/s) showed that this wind blew 
from the west. This high speed wind is known locally as 
the Shamal, which occurs rarely, lasting one or two days 
with the strongest winds experienced in association with 
gust fronts and thunderstorms [17]. 
The wind speed distribution of seasonal results pre-
sented similar patterns of annual distribution. The wind 
speed distribution from day to night, however, showed 
a greater discrepancy in some sections with the annual 
modeling results than did the seasonal distribution. 
To observe the seasonal effects, each class of wind speed 
was compared in winter and summer, which is shown in 
Fig. 10. However, a clear seasonal effect could not be 
detected in the meteorological simulation data for 2011, 
and calm winds had a 0.30 % distribution in the winter 
season and 0.34 % in the summer season.
The wind speed distribution between daytime and 
nighttime is shown in Fig. 11. There was almost a three-
fold (8.49 % versus 25.62 %) increase in the distribu-
tion of the 0.5-1.8 m/s wind speed class for nighttime 
over day time. For the 1.8-3.3 m/s wind speed, there was 
a 13 % discrepancy between the daytime (53.71 %) and 
Fig. 8. Frequency Comparison of Day and Night at Wind 
Direction
Fig. 9. Wind Speed Distribution Comparison of Annual, 
Seasonal, Day-night
Fig. 10. Frequency Comparison of Winter and Summer at Each 
Wind Speed
Fig. 11. Frequency Comparison of Day and Night at Each Wind 
Speed
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Case 1 simulation corresponded to the results for the 
period from 00:00, January 2 to 23:00, January 8. Fig. 12-
(a) shows the case 1 simulation for 05:00, on January 2. 
137Cs had dispersed in a long and narrow elliptical shape. 
137Cs had moved towards the ESE direction because of 
the NW wind. An area of approximately 4 km width and 
more than 15 km length was distributed with 137Cs.
Case 2 simulation corresponded to the results for the 
period from 00:00, March 2 to 23:00, March 8. Fig. 12-
(b) shows the simulation for 10:00, on March 5. A dis-
persion area of more than 10 km in width and 20 km in 
length could be estimated to have been generated with 
north wind, and the contaminated area was larger than 
the other case figures. 
In the comparison of wind speed results between day-
time and nighttime, significant differences were found in 
the meteorological simulation data of 2011 except for in 
the wind speed class 8.5-10.8 m/s. The daytime results 
were in the 1.8-8.5 m/s range more frequently than the 
nighttime distribution. However, the nighttime results 
showed a greater distribution of relatively slow (less than 
1.8 m/s) and fast (over 10.8 m/s) wind speeds.
4.3  CALPUFF Modeling Results and 137Cs Accumulation
Six test cases of CALPUFF simulations were per-
formed for the atmospheric dispersion of 137Cs under hy-
pothetical severe accident conditions in the BNPP, UAE. 
Figures from the each case indicate continuous genera-
tion and accumulation. 
Fig. 12. Six Cases of 137Cs Dispersion Simulation
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(Receptors 6 to 20) were designated with a 2 km interval 
in the SE area. 
The peak 137Cs concentration occurred within 168 
hours (equal to 7 days) in each of the six cases with 
hourly time steps and the accumulation of 137Cs measured 
by all of the receptors. Table 7 indicates the peak value 
points of the receptor number, time, coordinates, and 
137Cs concentrations over 7 days for each simulated case. 
The receptor position corresponding to the peak 137Cs 
concentration value was located south of the 137Cs gen-
eration point (origin point) for all of the simulated cases. 
In four cases, the peak value receptor (receptors 14, 15, 
and 18) was positioned southeast of the center, and in two 
cases it was located to the south (receptor 9) and south-
west (receptor 1). Receptor 14 from case number 3 was 
ranked the highest peak value with 5.64×104 Bq/m3 at 
10 a.m. on May 3. By considering the receptor position, 
the wind speed could be estimated at 2 to 6 km per hour 
during the time of the peak 137Cs concentration in the six 
simulation cases.
Case 3 consisted of the test results for the period 
from 00:00, May 2 to 23:00, May 8. Fig. 12-(c) shows 
the simulation at 04:00, on May 6 that was exhibiting a 
dispersion area with a very narrow width and a longer 
length than the other cases. In Fig. 12-(c), the 137Cs was 
dispersed with a very long and narrow shape and the 137Cs 
generated relatively late was formed as a stagnant high 
concentration area. 
Case 4 was the simulation results at 14:00, on July 8 
in the period from 00:00, July 2 to 23:00, July 8. Fig. 12-
(d) shows that the north wind was blowing similar to the 
wind in Fig. 12-(b), but the 137Cs dispersion had a nar-
rower width. The wind direction changed from northeast 
to north. 
Case 5 corresponded to the simulation at 03:00, on 
September 2 for the period from 00:00, September 2 to 
23:00, September 8. The early generation was dispersed 
relatively widely in Fig. 12-(e), and the wind direction 
changed from northwest to north in the simulation. The 
initial generation was dispersed over a width of almost 
15 km.
Case 6 was the simulation result for the period from 
00:00, November 2 to 23:00, November 8. Fig. 12-(f) 
shows the 137Cs dispersion at 17:00, on November 4. 
The initial generation of the release diffused mainly to 
the east as a result of the west wind. The pattern of the 
distribution shown in Fig. 12-(f) indicates that the west 
wind direction was changed by the northwest wind to a 
relatively narrower width than the pattern of the initial 
generation.
The 137Cs measuring points were designated as “vir-
tual receptors” during the CALPUFF modeling. Fig. 13 
presents the virtual receptor location points. Twenty 
virtual receptor points were modeled in the CALPUFF 
simulation. The accumulation of 137Cs during the simula-
tion period was observed in the virtual receptor. From the 
CALMET modeling results, much of the 137Cs dispersion 
could be expected to accumulate and be distributed in 
the SE (southeast) area from the 137Cs generation point. 
Therefore, 5 virtual receptors (Receptors 1 to 5) were as-
signed with a 4 km interval (Fig. 13) in the SW, NW, and 
NE areas of the center and another 15 virtual receptors Fig. 13. 137Cs Generation and Receptor Location
Case
Number
Receptor
Number
Time
(MM, DD, HH)
Coordinate from Origin 
Point (X, Y) [km]
Peak Value
[Bq/m3]
Case1 15 Jan. 02, 08:00 4, -4 2.77E+04
Case2 1 Mar. 07, 19:00 -4, -4 4.09E+04
Case3 14 May 03, 10:00 2, -4 5.64E+04
Case4 14 Jul. 02, 20:00 2, -4 4.69E+04
Case5 18 Sep. 07, 22:00 2, -6 4.00E+04
Case6 9 Nov. 07, 13:00 0, -2 3.16E+04
Table 7.  Peak Value Point of 137Cs Concentration
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virtual receptors 6 to 20 over the total accumulation period 
was more than 96 %. Case 6 accounted for a relatively small 
portion (69.24 %) compared to the other cases shown in 
Table 8. From the raw data analysis, case 6 had an accu-
mulation by various wind directions at virtual receptors 1, 
2, and 6 as a result of the north, east, and west wind. Unusu-
ally, receptor 3 was influenced by a SE wind during the case 
3 simulation (Fig. 14). From this test, much of the 137Cs was 
predicted to be dispersed to the southeast area, which was 
affected by main wind direction in the Barakah NPP area.
4.4 Surface Roughness Test for Desert Area
Surface roughness tests were performed for the anal-
ysis of topographic conditions. According to the surface 
condition, there are various surface roughness lengths 
[18]. Four types of surface conditions were selected, in-
cluding city area, hedge area, cut grass, and desert area. 
As described in section 2, the Barakah area is an extreme-
ly arid desert area with high temperature and humidity. In 
consideration of these conditions, the roughness length 
of desert area was adopted to reflect the environmental 
conditions found in the Barakah area. The surface rough-
ness length was estimated from the predominant land 
use of each grid cell in each simulation. Four cases of 
simulations were performed under the same conditions 
except for the surface roughness factor, and test results 
are described in Table 9. The results indicated that rela-
tively high concentrations were found in the high sur-
face roughness area near the origin of the source point. 
Fig. 14 shows the accumulation of 137Cs for the six 
simulation cases during the test period. Fig. 14 has been 
produced by summing the 137Cs accumulation data from 
3360 raw data points which were collected at each receptor 
over a period of 7 days of 137Cs generation. The virtual 
receptors 14 and 18 had a high accumulation for all of 
the simulation cases affected by the main wind direction 
(NNW). Out of the six cases, receptor 14 accumulated 
the highest amount of 137Cs during the case 2 simulation. 
Table 8 shows the amount of 137Cs accumulation between 
virtual receptors 1 to 5 and 6 to 20 for each simulation 
case. For case 1, 2, 4 and 5, the ratio of accumulation at 
Fig. 14. 137Cs Accumulation at Each Receptor Point during the 
7 Days Simulation
Table 8.  137Cs Accumulation Analysis on the Receptor Point
Accumulation of receptor 
1-5
[Bq/m3]
Accumulation of receptor 
6-20
[Bq/m3]
Total accumulation of
receptor 1-20
[Bq/m3]
Percentage of
receptor 6 to 20 over
total accumulation
[%]
Case1 4.12E+04 1.18E+06  1.22E+06 96.63
Case2 6.43E+04 1.96E+06 2.02E+06 96.82
Case3 1.42E+05 1.01E+06 1.15E+06 87.61
Case4 4.75E+01 2.34E+06 2.34E+06 99.99
Case5 4.63E+03 1.83E+06 1.83E+06 99.74
Case6 1.69E+05 3.80E+05 5.49E+05 69.24
Surface Condition
Surface Roughness 
Length
[m]
Time
(MM, DD, HH)
Measuring Coordinate 
from Origin Point
(X, Y)
[km]
137Cs Concentration
[Bq/m3]
Center of cities 1.0 Mar. 07, 19:00 2, -2 1.78E+05
Many hedges 0.1 Mar. 07, 19:00 2, -2 7.72E+04
Cut grass 0.01 Mar. 07, 19:00 2, -2 5.87E+04
Desert 0.001 Mar. 07, 19:00 2, -2 4.06E+04
Table 9.  137Cs Concentration at Various Surface Conditions
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The city area contained approximately four times 137Cs 
concentration than the desert area. The atmospheric disper-
sion of 137Cs was affected by the surface condition in the 
proximal area. Moreover, the movement of the radioactive 
material had a tendency to be dispersed in a relatively wide 
range in the desert areas compared to in the higher surface 
roughness areas.
5.  CONCLUSIONS AND FUTURE STUDY
The analysis of meteorological characteristics estimat-
ed for the BNPP area focused on the extreme wind speeds 
occurring in the future. The Weibull distribution model 
was selected, and scale and shape parameters were cal-
culated from the actual weathering data during Feb. 2011 
~ Oct. 2013. The Weibull distribution modeling results 
showed that the high speed regions were well matched 
with the Weibull trend slope. 
The annual meteorological data for 2011 were acquired 
and modeled for the evaluation of meteorological character-
istics. The NCEP data were modeled and verified with the 
NCMS weather data for reliability in this study. The main 
wind directions of the BNPP area were the north and west 
directions. Seasonal and daytime/nighttime effects were ob-
served during 2011, and the atmospheric dispersion of 137Cs 
was simulated for the BNPP. Additionally, this study showed 
that in hypothetical severe accident conditions, the 137Cs dis-
persion followed the main wind direction of the BNPP area. 
Virtual 137Cs receptors were used for the detection and calcu-
lation of the 137Cs peak value, which was measured during 
the test period. The total accumulation of 137Cs at the virtual 
receptors was influenced by the main wind direction. Four 
cases of surface roughness tests were performed to analyze 
the effects of topographic conditions. 137Cs was dispersed 
more widely in the lower surface roughness conditions. This 
paper can be a basic reference for an optimal ERMS posi-
tioning, EPZ plan, and evacuation pathway scenario devel-
opment. This study is our first step towards establishing an 
ERMS based on an atmospheric dispersion simulation for 
released radioactive material in the BNPP region. 
In future studies, the estimation of extreme directional 
wind for the return period considering the wind direction 
frequency will be covered using the Weibull probability 
distribution function. Additionally, the effects of seasonality 
and daytime/nighttime changes in estimating extreme 
wind speeds will be evaluated with modeling and calcu-
lations of quantitative measurements in the BNPP area.
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